. A schematic presentation of the galactose operon. The -10 regions of the P1 and P2 promoters are shown in boxes. The transcription initiation sites are indicated by arrows and underlined. CRP points to its DNA binding site. OE and OI designate the operators where GalR binds. HU protein binds to hbs. The transcription initiation site of the P1 promoter is assigned as +1, Nucleotide positions of the operon, thus, have been assigned relative to the P1 initiation site. 
INTRODUCTION
The galactose operon of Escherichia coli has two promoters separated by 5 base pairs, P1 and P2 ( Fig. 1) (1, 2). These two promoters drive transcription of the 4 structural genes, galE, T, K, and M, of the operon. The cAMP receptor protein (CRP) activates the promoter P1. The repressor of the operon, GalR, binds to the two operator sites separated by 113 base pairs, and brings the two operator sites close, forming a nucleoprotein structure named repressosome in which the intervening DNA sequence, including the two promoters, is looped (3) . Formation of the repressosome that requires HU protein bound at the central region of the intervening sequence (4) inactivates transcription from the two promoters simultaneously (5, 6) . Thus, the regulation over the two promoters has been well established (7) . However, in order to understand the regulation over the two promoters being executed inside of a growing cell, one might need information over the changes in the amount of the gal transcripts from the two promoters.
Quantitative measurement, such as real-time qPCR (8) , of the gal transcripts from the two promoters is not an easy task because the only difference between the P1-and P2-initiated transcripts is the 5 bases in their 5' ends: the P2-transcript has 5 more bases than the P1-transcript. One of the well-established assay methods on the 5' ends of RNA transcript is Randomly Amplified cDNA Ends (RACE) (9) . It employs an RNA ligation reaction, in which the 3'-end of an RNA aptamer is ligated to the 5'-ends of the mRNAs in the sample. The aptamer-ligated mRNAs are copied into cDNA using a reverse-transcription reaction. The target cDNA is amplified by PCR and visualized by agarose gel electrophoresis. This method was, however, unsuitable to distinguish the two transcripts (due to 5 base difference), and turned out not to be quantitative enough for in vivo measurement of gal transcripts (because of the agarose gel electrophoresis). In this study, we developed new RACE assays suitable for quantitative measurements of the two gal transcripts. We also present in this report a new way of quantitative measurement on the two transcripts using real-time qPCR. http://bmbreports.org BMB reports
Fig. 2.
A schematic presentation of the experimental steps in the RACE primer extension assay and the RACE real-time qPCR assay. Details are in the text. Both assays have a common procedure of RNA ligation and reverse transcription. After the reverse transcription, the RACE primer extension assay follows the left column procedures, but the RACE real-time qPCR assay directly goes to the real-time qPCR shown on right column. The horizontal small arrows indicate PCR primers. The arrows with *indicate the primers for the primer extension reaction. 
RESULTS

RACE primer extension assay
Throughout this study, the total RNA was isolated from 2 × 10 8 cells of E. coli grown in LB containing 0.5% galactose that fully induces gal operon expression. In a conventional RACE assay, a synthetic RNA aptamer of 20-mer is ligated to the 5'-end of the total RNA. But we simply performed a ligation reaction on the total RNA. Our intension was to ligate the 3'-end of the abundant 5S rRNA in the total RNA preparation to the 5'-end of the mRNA (Fig. 2) . This ligation reaction was followed by a reverse transcription using a random hexamer as a primer for cDNA synthesis. The gal-specific cDNA was amplified using a synthetic primer complementary to the 3' end of the 5S rRNA and a galE-specific primer. Finally, visualization and quantification of the gal transcripts were performed by the primer extension reaction, followed by DNA-sequencing gel electrophoresis. Since the 3' end of the primer in the primer extension reaction corresponds to +30 residue of galE (+1 as the P1 transcription initiation site), and its 5' end was radioactively labeled by 32 P, the mRNA from the P1 and P2 promoters showed up as 70 and 75 nucleotide-long DNA bands, respectively, in a film exposed to the sequencing gel (Fig. 3A) . In the WT strains (MG1655, and MG1655kan), under the growth conditions described above, transcription from the P1 promoter was 76.4% (+/-5.6) and that from P2 was 23.4% (+/-5.6) of the total gal transcription (Fig. 3A) . In a mutant strain, MG1655kanP1
, in which the P2 promoter was inactivated by a single nucleotide change (10, 11) , almost 100% of the transcription was initiated from P1, as expected (Fig.  3A) . In another mutant strain, MG1655kanP1 -P2 + , in which the P1 promoter has been inactivated by a single nucleotide change (10, 11) , most of the gal transcription was initiated http://bmbreports.org from P2 (Fig. 3A) .
Next, we tried to validate the result (as shown in Fig. 3A ) from the RACE primer extension assay with the RNase protection assay (12) (See materials and methods) that does not require RNA ligation or the PCR reaction, which could inadvertently add complexity to the experimental procedures. Results, as shown in Fig. 3B , demonstrated basically the same ratio of P1 and P2 transcripts as shown in Fig. 3A , suggesting that the RACE primer extension assay could be used to measure the ratio of transcription from the two promoters.
RACE real-time qPCR assay
We reasoned that replacing the PCR amplification of the cDNA and the primer extension reactions in the RACE primer extension assay elaborated above with real-time qPCR would create a better quantitative assay in measuring gal transcripts. Thus, the total RNA ligation was performed and cDNA was prepared as described for the 5' RACE assay above followed by real-time qPCR (Fig. 2 ). We were able to distinguish P1-and P2-initiated transcripts in real-time qPCR for the following reasons and via the following methods. The first 5 ribonucleotide residues of the P1-initiated transcript are 5'-AUACC and those of the P2-initiated transcript are 5'-AUUUC (The different bases are underlined). Thus, we made a forward primer (P1-for, 5'-GAGTAGGGAACTGCCAGGCATATAC-3') of 25 nucleotides. The 21 nucleotides from the 5'-end of this primer is complementary to the 3'-end of the 5S rRNA, and the rest sequences are ATAC-3'. Thus, this primer can bind to the 5' end of the P1-initiated transcripts (now ligated to the 5S rRNA), and can provide a free 3'-OH group for the following DNA polymerization reaction in real-time qPCR. Another forward primer (P2-for, 5'-GAGTAGGGAACTGCCAGGCATATTT-3') for the P2-initiated transcript has the ATTT-3' sequence at the 3'-end. The average threshold cycle (Ct) of 4 independent experiments for the P1-transcript was 25.13 (+/-0.72) and that of the P2 transcript was 26.64 (+/-0.65). Thus, the average threshold difference was 1.51 (+/-0.47), suggesting that there were 2.85 (+/-1.38) times more P1-transcript inside of E. coli cells growing exponentially. Based on the threshold difference, we calculated the relative amounts of the P1-and P2-transcripts. When the relative amount of the P1-transcript was assumed to be 1.0, that of P2-transcript could be calculated by 2 -ΔCt . Since the average threshold difference (ΔCt) was 1.51, the relative amount of the P2-transcript was 0.35. These calculations suggested that the P1-and P2-transcripts take 73.6% (+/-6.3) and 26.4% (+/-6.3) of the total gal transcripts, respectively. These measurements were in good agreement with the results from the RACE primer extension and RNase protection assays described above, suggesting that the RACE real-time qPCR could be used to quantify the gal transcripts.
Real-time qPCR only
Both methods described above start with a RACE assay that requires the RNA ligation reaction that might lower the number of cDNA templates (gal transcripts) for the following DNA amplification procedures (See Discussion). Thus, we devised a new set of PCR primers that would be able to distinguish the P2-transcript from the P1-transcript during the real-time qPCR procedure to eliminate the RNA ligation reaction.
First, we designed a forward primer named 'P2only-for' that is an 18-mer with a sequence (from −5 to +13 of the gal operon, Fig. 4A ) complementary to the 3'-end of the P2-cDNA (5'-end of the P2-transcript). Another forward primer named 'P1&P2-for' is an 18-mer with a sequence (from +1 to +18 of the gal operon, Fig. 4A ) complementary to the 3'-end of both the P1-and P2-cDNA. We reasoned that at an appropriate annealing temperature, the P2only-for primer would preferentially hybridize to the P2-cDNA, yielding quantitative information of the P2-transcript during real-time qPCR (Fig. 4A) . Since the P1&P2-for primer would be able to hybridize both P1-and P2-cDNA, we expected that it should yield quantitative information of the total gal transcripts. Once we obtained the information, the amount of the P1-transcript was expected to be calculated by subtracting that of P2-transcript from the total transcript.
In order to determine the optimum annealing temperature for the P2only-for primer, two reactions of real-time qPCR that employ cDNA prepared from total RNA as the DNA template were set up: one with the P1&P2-for primer and the other with the P2only-for primer. The real-time qPCR reactions were subjected to various annealing temperatures from 55°C to 60°C in 8 steps. . If the hybridization is expected to be stable enough to lead to PCR amplification, it is noted with (O), if not it is noted with (X). The relative quantities of the total gal transcript (dark bar) and those of the P2-transcript (gray bar) were presented above the annealing temperature used in the real-time qPCR with the P2only-for primer. The resulting threshold cycle (Ct) and transcription ratio between P1 and P2 promoters calculated upon the Ct values is presented in a table under the bar graph.
DISCUSSION
We have introduced three different methods for the quantification of the mRNA of the galactose operon in E. coli. Quantification of the total mRNA can be easily achieved with ordinary real-time qPCR. However, quantification of mRNAs that are only 5 bases different in their 5' termini could not be easily achieved by any conventional methods of quantification. Though the methods reported in this study yielded relative quantities of P1-and P2-transcripts that are consistent with one and other, it is possible that these methods would yield problems that could surface under different experimental conditions. The RNA ligation step during the RACE assay seems to be problematic especially when an experimenter wants to measure the gal mRNA concentration in low abundance. The ligation efficiency can be estimated by the comparison of the Ct values of the P2-transcript in the RACE real-time qPCR assay (ligated) with that in the real-time qPCR only assay (non-ligated). These were around 26 in the ligated, and 18 in the non-ligated (55.3 o C in Fig. 4B ), suggesting that the ligation efficiency of the 5S rRNA to the gal mRNA is roughly 1/2 8 or 1/256. Thus, measuring the gal mRNA in a repressed condition could possibly yield a variation in quantity in between samples greater than the actual changes.
The PCR amplification step during RACE could become problematic due to the well known drawback of PCR: the end point reaction (13) . Since amplification of the P1-and P2-transcripts occurs simultaneously in a single tube during the RACE assay, we considered that the quantitative measurements of the resulting gel using band densitometry, such as PhosphorImager TM (Fig. 3A) , could reveal the ratio of the two reliably. However, for the questions whose answers require quantitative comparisons between the samples (such as how much P1 transcripts increases or decreases at different times of growth) we considered, real-time qPCR would be a better method than the RACE assay, because the RACE result is based on an end-point PCR reaction. The concentration range of cDNA showing the linear response in the amplification reaction of real-time qPCR is 4 to 5 orders of magnitude more than that of the end-point PCR reaction (13) .
Considering these problematic steps in RACE for quantification of the gal mRNA, we suggest that the real-time qPCR with the P2only-for primer would be the choice for quantification of the galactose-operon mRNAs which differ by 5 bases in their 5'-ends.
MATERIALS AND METHODS
Bacterial strains and growth conditions
The bacterial strains used in this study were MG1655, MG1655 kan, MG1655 kan P1 
P2
+ has been described (14, 15) . Strains were grown to an OD600 of 0.6 in LB containing 0.5% galactose at 37 o C.
RNA preparation
Early log phase cells (about 2 × 10 8 cells at an OD600 of 0.6) were immediately harvested and resuspended in 50 μl of protoplasting buffer ( 
Primer extension reaction
Purified cDNA (10 μl) prepared in the RACE assay above was used as a template for the primer extension reaction performed in 20 μl, containing a The reaction products were resolved on an 8% polyacrylamideurea sequencing gel and quantified using a PhosphorImager (Bio-Rad, USA).
Real-time qPCR
The template cDNA for real-time qPCR was prepared as described for the 5' RACE assay above. PCR primer sets using real-time qPCR were designed by Primer 3 software (16). It was optimized and confirmed that all PCR primer sets had same amplification efficiencies. Real-time qPCR (CFX96 TM , Bio-Rad, USA) was performed in a 20 μl reaction containing 10 μl of iQ TM SYBR Ⓡ Green Supermix (Bio-Rad), 7.2 μl of nuclease-free water, 0.4 μl each of forward primer (10 mM) and reverse primer (10 mM), and 2 μl of the cDNA template, under the following conditions: an initial denaturation step at 94 
RNase protection assay
The RNase protection assay was performed using RPA III TM kit (Ambion). A PCR-DNA fragment of 130 bp containing the pro-moter region of the gal operon (bases from −5 to 125) was cloned to pGEM-T-Easy Vector (Promega). The resulting plasmid was linearized and used as a template for an in vitro transcription of the cloned gal promoter region. Anti-sense RNA with 226 nucleotides was transcribed using T7 RNA polymerase in the presence of [α-32 P] UTP (Amersham Biosciences). The radio-labeled probe was hybridized to 10 μg of the total RNA in a 10 μl hybridization III buffer (Ambion). After overnight hybridization at 42 o C, 150 μl of an RNaseA and RNaseT1 mixture (250 and 10,000 units/ml, respectively) was added. This reaction was continued at 37 o C for 30 min, and protected RNA fragments were collected by isopropyl alcohol precipitation. The protected RNA fragments were resolved on 8% polyacrylamide-urea sequencing gel and visualized by autoradiography. Quantification of the RNA bands was performed using PhosphorImager TM .
